Numerical simulations are used to investigate the resonant instabilities in the ow past an open cavity. The compressible Navier-Stokes equations are solved directly no turbulence model for two-dimensional cavities with laminar boundary layers upstream. The computational domain is large enough to directly resolve a portion of the radiated acoustic eld. The results show a transition from a shear layer mode, for shorter cavities and lower Mach numbers, to a wake mode for longer cavities and higher Mach numbers. The shear layer mode is well characterized by Rossiter modes. The wake mode is characterized instead by a large-scale vortex shedding with Strouhal numb e rindependent of the Mach number. The vortex shedding causes the boundary layer to periodically separate upstream of the cavity. The wake mode oscillation is similar to that reported by Gharib and Roshko J. Fluid Mech.,177, 1987 for incompressible ow with a laminar upstream boundary layer. The results suggest that laminar separation upstream of the cavity edge is the cause of the transition to wake mode.
Introduction
Recently, the possibility of using ow control to reduce resonant oscillations in subsonic and transonic ows over open cavities has attracted much attention. The open-loop introduction of ow disturbances has been studied both experimentally and numerically e.g. 1 5 . Signi cant reductions in sound pressure levels around 20 dB have been achieved through upstream mass injection 4 as well as piezoelectric aps. 5 Closed-loop feedback control has also been studied, 5 7 and promises similar reductions in noise, but with much lower p o w er input. 5 It should b enoted that it has long been known that passive devices, such as spoilers and ramps, can attenuate cavity oscillations under certain conditions.
In compressible ows, cavity resonance is thought to arise from a feedback loop involving i shear layer instability and the growth of vortices in the shear layer, ii the impingement of the vortices at the downstream edge, and subsequent scattering of acoustic waves, iii the transmission of acoustic waves upstream, and iv their conversion to vortical uctuations at the cavity leading edge receptivity. The rst description of this feedback process is credited to Rossiter. 8 His semi-empirical formula to predict the measured resonant frequencies remains widely used. Analytical models to predict the frequency have been developed, 9 and semi-empirical models that predict the amplitudes are also available. 10 While existing models are e ective as general design tools, there is as yet no way, for a given set of conditions, to determine the dominant mode of oscillation, the amplitude of oscillation, and, especially, nonlinear interactions b e t w een modes. Feedback controllers can b edesigned without detailed ow models e.g. adaptive control, but a better understanding of the ow physics will lead to more e ective and e cient control. Recent experiments 11 have underscored the complicated nonlinear interaction of the di erent modes, and the possibility of mode-switching. Fabris and Williams 12 have also recently investigated these issues for low Mach numb e r cavities.
Direct Numerical Simulations DNS provide a means to study the details of the modes of oscillation and their interactions, albeit at low Reynolds number. In this paper we present a high-order-accurate method for solving the compressible Navier-Stokes equations in the cavity geometry and give results for two-dimensional computations. The generated acoustic eld is directly resolved in the computation, and the domain is made large enough to include a portion of the radiated acoustic eld. Investigations of three-dimensional e ects, and the introduction of feedback control in the computations will b epresented in future publications. Previous numerical studies of compressible cavity ows have used the two-dimensional unsteady RANS Reynolds' Averaged Navier-Stokes equations with a k-turbulence model. 3, 13, 14 The e ectiveness of compressible turbulence models on separated oscillating ows, and 1 American Institute of Aeronautics and Astronautics especially their radiated acoustic eld which, as noted above, is an integral part of the resonant instability modes remains an open question. It needs to b estressed that in the context of two-dimensional ows, we use the term direct" simulation to imply that there is no turbulence model. In this case the ow is an unstable laminar ow that is con ned to evolve in only two-dimensions. The turbulent cavity ow is of course three-dimensional, but it is thought that in many cases the resonant modes are approximately two-dimensional.
Numerical Method
The numerical method used here is very similar to methods used previously for direct computations of sound generation in mixing layers and jets and other canonical problems, 15 18 wherein the fully compressible Navier-Stokes equations are solved. These studies have shown the e cacy of sixth-orderaccurate compact nite-di erence schemes 19 in resolving acoustic elds with velocity uctuations ve orders of magnitude smaller than near eld uctuations. 15 Time integration is performed with a fourth-order Runge-Kutta method. This combination of schemes results in very low numerical dissipation, which allows accurate wave propagation, and the method relies on physical viscosity for stability.
Boundary conditions play a key role in aeroacoustic computations. Arti cial boundaries inow out ow normal must allow vortical and acoustic waves to pass freely, with minimal re ection. It is important to distinguish b e t w een two types of re ections that may occur: smooth" re ections, which arise due to approximations in the continuous boundary condition formulation, and spurious" or saw-tooth re ections, which arise due to the dispersive nature of nite di erence schemes. 20 For equations of motion linearized about a uniform mean ow, it is possible to derive boundary conditions that are nonre ecting for both types of waves, to arbitrarily high order of accuracy. 20 For nonlinear equations, especially at out ow boundaries, the interaction of disturbance amplitudes and mean ow gradients severely limits the accuracy of such boundary conditions developed for linearized problems. Several treatments that rely on a bu er" zone near the computational boundary have been suggested to remedy this situation. These include combinations of grid stretching and ltering, 21 and the addition of arti cial convection velocities and damping terms to the equations e.g. 22 . These bu er" conditions are usually combined with low-order accurate, but robust, nonre ecting boundary conditions, such as one-dimensional characteristic wave decompositions. 23, 24 Figure 1 shows a schematic diagram of the computational domain. A Cartesian grid is used, with clustering of nodes near all the walls. Analytical hyperbolic tangent mappings are used for the grid stretching. The code is parallelized using a domain decomposition method. Typical grids see caption of gure 2 contain about half a million grid points. The code has been run on 8 to 32 processors of an IBM SP2. The wall is assumed to b eisothermal at the same temperature as the freestream therefore transport properties are assumed constant, and the Prandtl numb e ris taken as 0.7. For the in ow, out ow and normal boundaries, the one-dimensional boundary conditions of Poinsot and Lele 24 are used, together with arti cial damping terms in a bu er region. 22 These terms, of the form q , q t a r g e t are added to the right-hand sides of the equations in conservative form q is a vector of the conservative dependent variables. The damping, , varies smoothly from a constant value at the boundary to zero at the edge of the bu er. For the isothermal wall boundary conditions, including the cavity edges, the formulation recommended by Poinsot and Lele is also used. The following parameters may b eindependently varied: the length of the cavity relative to the initial boundary layer thickness at the cavity leading edge, L= ; the Reynolds number, Re , based U, , and the kinematic viscosity in the ambient ow, ; the Mach numb e rof the freestream, M; and the cavity length to depth ratio, L=D . Because of the expense, only a relatively small portion of parameter space may b einvestigated. In the present paper, we concentrate on two-dimensional computations with laminar upstream boundary layers. Table 1 shows relevant parameters for the runs performed.
For the present ow, and for resonant ows in general, it is of critical importance that instabilities are independent of the location of the boundaries, and the boundary treatment. This is because repeated spurious re ections of waves can lead to self-forcing of the ow, in a process indistinguishable from the physical instability e.g. 25 . We have run several cases with variable boundary location and grid spacing, in order to nd appropriate boundary locations, as well as grid convergence. The results of one such test are shown in gure 2. Plotted is the normal velocity at a single point, y = 0 and x = 3:13D, with the same parameters as run L4. Other probe locations yielded similar results. Note that time is normalized by the freestream velocity and the total length of the computational domain for the reference case. Over 3 to 4 ow-through times, the results are nearly identical, independent of grid resolution and boundary location. Small di erences are apparent at later times, which is not unexpected given the chaotic nature of the ow. We conclude that the location of the boundaries and grid resolution for run L4 see the gure caption are su cient, and similar locations and resolutions were used in the other runs in table 1. 
Results
Shear Layer and Wake Modes The two-dimensional computations with laminar upstream boundary layers reveal an transition b e t w een two fundamentally di erent modes of cavity oscillations. These modes are termed, following Gharib and Roshko, 26 as shear layer mode and wake mode. The runs performed show that transition from shear layer to wake mode occurs as the length of the cavity is increased relative to the upstream boundary layer thickness for constant L= and Re , and as M is increased with other parameters constant.
The shear layer mode is characterized by the rollup of vorticity in the shear layer and impingement on the downstream cavity edge. The frequencies are in reasonable agreement with those predicted by the Rossiter equation, and consist primarily of Rossiter modes 1 and 2. Spectra and frequencies of oscillation are discussed in more detail below. Qualitatively, the iso-contours of vorticity depicted in gure 3 for run L2 are representative of the shear layer mode of oscillation. The cavity is relatively quiescent, with a weak vortex occupying the latter half of the cavity. Vorticity of the opposite sign to boundary layer vorticity is generated along the walls of the cavity. Note that at two di erent instants in time, while the phase of the disturbances in the shear layer has shifted, the vorticity contours in the cavity are nearly the same. Animations of the contours con rm that the interaction of the ow in the cavity with the shear layer is relatively weak. The wake mode is characterized by a large scale shedding from the cavity leading edge, in a manner similar to wake ows. The shed vortex has dimensions of nearly the cavity size, and as it is forming, boundary layer uid is directed into the cavity. The vortex is shed from the leading edge and ejected from the cavity in a violent event. The vortex is large enough to cause ow separation upstream of the cavity during its formation, and again in the boundary layer downstream of the cavity as it convects away. We believe the upstream separation is a key feature of the transition to wake mode, and is discussed further below. Figure 4 shows two snapshots of the vorticity eld in wake mode for run L4. Another important di erence b e t w een the two modes is their radiated acoustic eld. The instantaneous iso-contours of dilatation are plotted over the entire computational domain except for the unphysical bu er region in gure 6 for runs L4 and L2. The former is oscillating in wake mode while the latter is in shear layer mode. The acoustic elds are quite di erent. For shear layer mode, the acoustic eld, centered at the downstream cavity edge, is dominated by a single frequency, corresponding to Rossiter mode 2. The most intense radiation occurs at an angle of approximately 145 degrees from the streamwise direction. The acoustic eld is intense enough to display nonlinear steepening of the waves. The compressions are dark contours, the expansions are light contours. The acoustic eld in wake mode is much more complex, and displays a wide range of frequencies. Again, there is intense upstream radiation from the cavity edge, but the wavelength is show that the change from wake mode to shear layer mode depends also on the Mach number. In table 1, we have indicated for each run the observed mode of oscillation. Note that for very short cavities, oscillations are damped and the ow eventually b ecomes steady, which was also observed in the experiments. As in the experiments, the drag is signicantly higher in wake mode. The drag for several runs with di erent L= is given in table 1.
Spectra
The spectra of the oscillations are substantially different in wake and shear layer mode. noted that the spectra were computed from computational data over relatively low numbers of p e r i o d s compared to say, experiments. Short time series, with necessary windowing techniques, can lead to signi cant leakage among the low frequencies. Nevertheless, the gure provides evidence that the basic instability mechanism in shear layer mode is the one envisioned by Rossiter.
The spectra in wake mode are very di erent. After an initial transient, which at early times is similar to shear layer mode, the ow becomes nearly periodic in time, with the fundamental period corresponding to the vortex shedding from the leading edge. A typical time series and its spectrum for run L4 are shown in gure 9. After a transient, the fundamental mode oscillates at a Strouhal numb e rof 0.25, which is lower than Rossiter mode one 0.31, and additional peaks in the spectrum are all harmonics of the fundamental. Note that the initial transient was not used in computing the spectrum. to the expected variation of about 20 for Rossiter mode one. The 4 variation is, in fact, within the uncertainty in frequency associated with the total sampling period. The lack of variation with M indicates that the mode is not acoustically driven, and it appears that the feedback in this case is provided by the complicated recirculating ow in the cavity.
3.2 Wake mode and unsteady laminar separation It should b enoted that the transition from shear layer to wake mode, detected in incompressible experiments and the present compressible computations, appears not to have been noted in previous compressible experiments. The very low Reynolds numb e rof the calculations, and the laminar state of the upstream boundary layer could b ethe cause of wake mode. For the computations, Re is on the order of 100, which is of the same order as in the incompressible experiments, 26 but much lower than any compressible experiments. While it is unlikely that the shear layer dynamics are highly dependent on Reynolds number, even for Re as low as 100, the impact of the oscillations on an upstream laminar boundary layer could b ev ery di erent than for a turbulent one.
The computations show that in wake mode, the boundary layer alternately separates and reattaches well upstream of the cavity edge, due to the oscillating adverse pressure gradient caused by the vortex shedding. In fact, the computational results suggest that laminar boundary layer separation upstream of the cavity is the cause of the transition to wake mode.
For steady separation, Thwaites method provides For unsteady and oscillatory separation, this simple criterion is not expected to hold. However, the Rossiter modes, and thus the oscillating pressure gradient that the boundary layer sees, have fairly low frequency compared to appropriate boundary layer time scales, and it might b eexpected that the separation criterion could b econsidered quasi-static. Thus we use equation 2 as a criterion for separation, and, hence, transition to wake mode. We estimate the value of at the cavity leading edge as a function of time, starting from the initial condition, for six di erent runs in gure 10. The middle frame corresponds to two di erent runs in wake mode. It is apparent that the oscillations, starting at zero, are initially in shear layer mode, and that transition occurs only after a substantial p e r i o dof growth in time of the modes. The transition to wake mode occurs around the time when , exceeds 0.09. For the runs that remain in shear layer mode bottom frame, , saturates around ,0:02. emergence of wake mode. We speculate that this is the reason why wake mode has not been detected in previous compressible cavity experiments. Of course, it is impossible to rule out that other Reynolds numb e rand three-dimensional e ects act to preclude the wake mode. Further investigations are needed to fully resolve the issue.
Summary
The results of the numerical simulations show that, for shorter cavities, compared to the upstream boundary layer thickness, and lower Mach numbers, the cavity oscillates in a shear layer mode, which is consistent with the shear layer instability acoustic 7 American Institute of Aeronautics and Astronautics feedback mechanism of Rossiter. 8 The spectra show peaks corresponding to Rossiter modes 1, 2, and 3. Acoustic radiation is intense and directional, but dominated by a single frequency corresponding to mode 2. There is little interaction b e t w een the shear layer, and a weak vortex that occupies the downstream half of the cavity. For longer cavities, and higher Mach numbers, the cavity oscillations become nearly periodic in time, with one cycle corresponding to the growth, shedding, and ejection of a very large vortex. In this wake mode the Strouhal numb e rof the oscillations is nearly independent of Mach number. During growth, the boundary layer uid is directed into the cavity and the cavity drag is very large. Ejection is accompanied by a sharp acoustic pulse. The vortex is strong enough to cause boundary layer separation both upstream of the cavity, during formation, and downstream of the cavity, after ejection. A similar transition was noted in the incompressible experiments of Gharib and Roshko 26 who also had a laminar upstream boundary layer, but has not been seen in compressible experiments at higher Reynolds numbers. The results suggest that the laminar separation upstream of the cavity is, in fact, responsible for the transition to wake mode. We speculate that when the upstream boundary layer is turbulent, the increased resistance to separation may prevent wake mode oscillations.
